ABSTRACT: Phosphorene is emerging as an important twodimensional semiconductor, but controlling the surface chemistry of phosphorene remains a significant challenge. Here, we show that controlled oxidation of phosphorene determines the composition and spatial distribution of the resulting oxide. We used X-ray photoemission spectroscopy to measure the binding energy shifts that accompany oxidation. We interpreted these spectra by calculating the binding energy shift for 24 likely bonding configurations, including phosphorus oxides and hydroxides located on the basal surface or edges of flakes. After brief exposure to high-purity oxygen or high-purity water vapor at room temperature, we observed phosphorus in the +1 and +2 oxidation states; longer exposures led to a large population of phosphorus in the +3 oxidation state. To provide insight into the spatial distribution of the oxide, transmission electron microscopy was performed at several stages during the oxidation. We found crucial differences between oxygen and water oxidants: while pure oxygen produced an oxide layer on the van der Waals surface, water oxidized the material at pre-existing defects such as edges or steps. We propose a mechanism based on the thermodynamics of electron transfer to interpret these observations. This work opens a route to functionalize the basal surface or edges of two-dimensional (2D) black phosphorus through site-selective chemical reactions and presents the opportunity to explore the synthesis of 2D phosphorene oxide by oxidation.
INTRODUCTION
In two-dimensional (2D) materials, the majority of atoms are located at surfaces; therefore, surface chemistry is important in determining intrinsic properties. For example, graphene is a zero gap 2D semimetal with ultrahigh mobility and conductivity, 1,2 while graphene oxide can be insulating or semiconducting. 2−5 In emerging materials such as phosphorenethe 2D form of black phosphorusunderstanding and controlling surface chemistry is considered essential to future applications of the material. 6−9 Like graphene and graphene oxide, phosphorene and phosphorene oxide have exceptional properties. Phosphorene is especially interesting because it has a thickness-dependent band gap that ranges from 0.3 eV in bulk to approximately 2.1 eV in a monolayer, 10−15 a range that is greater than most quantum dots. Furthermore, 2D black phosphorus has optical and electrical anisotropy, 16−18 high carrier mobility, 13, 19, 20 and both n-and p-type behavior. 13, 21, 22 These properties suggest potential uses in optoelectronic technologies, including transistors, 20, 21, 23 solar energy conversion, 22,24−26 and photodetectors. 18, 27, 28 Many other types of applications, including batteries, 29, 30 gas sensors, 31−34 catalysts, 26, 35 and medicine, 35, 36 require control over phosphorene's surface chemistry and reactivity. Phosphorene and black phosphorus are known to oxidize in ambient conditions, 6,7,37−42 yielding insulating phosphorene oxides and low atomic weight fragments. 43 These oxides have tunable properties that depend on composition; for example, band gaps up to 8.5 eV have been predicted, 33, 39 and photoluminescence has been observed. 44 With a tunable band gap from semiconducting to insulating and interesting electronic properties, 33, 39, 45 2D phosphorene oxide demonstrates potential use in optoelectronics such as an electronic on/off switch, 33, 39, 45 a transparent encapsulation layer, 33, 39, 45 or a gas sensor. 33 The observation that phosphorene oxidizes under ambient conditions suggests that oxidation reactions are an important class of surface reaction chemistries that could be used to functionalize phosphorene's surface. The development of oxidation chemistries may also provide new pathways to stabilize phosphorene against degradation under ambient conditions. This work investigates the oxides of 2D black phosphorus through experimental surface characterization coupled with simulations to explore how oxidant conditions modify the surface chemistry of 2D phosphorene oxide at defect (edge, step, grain boundary, etc.) and nondefect sites. We present evidence for the selective oxidation of the van der Waals surface (i.e., the basal surface) or edges and other defect sites of fewlayer phosphorene through the choice of oxidant. Ultimately, the ability to selectively modify the basal surface or edge states presents opportunities to engineer the properties of 2D materials through covalent functionalization and defect passivation.
Many techniques have been used to study the oxidation of black phosphorus, providing insights into the chemical composition, electronic structure, and physical properties of the material. It is well-documented that black phosphorus oxidizes in ambient conditions, forming various phosphorus oxides, P x O y (OH) z . 37, 46 These oxidized species include single (P−O) and double (PO) bonds, 38 which may be dangling (P−OH, PO) or bridging (P−O−P). 6, 33, 47 While more needs to be understood about the surface reactivity of black phosphorus, two possible outcomes include the development of a self-limited phosphorene oxide that protects and passivates phosphorene as well as the synthesis of a stable monolayer of phosphorene oxide, 6, 33, 38, 40, 48, 49 the analogue of graphene oxide.
Water, oxygen, and light are known to play important roles in the rate, composition, and mechanism of black phosphorus oxidation, 37, 38, [40] [41] [42] 50 38 and the presence of phosphorus oxides on the surface of the material in X-ray photoelectron spectroscopy (XPS). 35, 38, 42, 51 In contrast, for single component (H 2 O or O 2 or light) exposures, TEM and Raman spectroscopy indicated that the material did not oxidize. 35, 37, 51 However, more surface sensitive techniques such as XPS show that phosphorus oxides are present with single-oxidant exposures. 35, 42, 51 Recent work deconvoluted experimental XPS spectra by simulating the binding energy shifts of a limited number of phosphorus oxides and demonstrated that oxides of 2D black phosphorus exposed to ambient air or high-purity O 2 are compositionally different. 47 Despite the advances in characterizing the composition of the oxide, the earlier study neglected low oxidation states of phosphorus and did not examine the composition of the oxide produced by only H 2 O exposure. Herein, we characterize the oxide after exposure to high-purity O 2 , H 2 O, or both oxidants and interpret the resulting XPS spectra by simulating the binding energy shift for several oxides that have not been previously considered, including those that have low oxidation states and that may form at edges of 2D flakes.
In addition to understanding the oxide composition, the mechanism of oxidation of black phosphorus has been explored. Proposed mechanisms involve a multistep reaction: initially photoexcited black phosphorus transfers one electron to O 2 , creating superoxide, 37,46,50 a strong oxidant that then reacts with phosphorene to produce phosphorus oxides. Some of these oxides, such as phosphorus pentoxide, P 2 O 5 , 46, 49 are strong desiccants that readily react with water to produce phosphoric acid or other acids. This model is supported by the observation of a decrease in pH during oxidation. 10 An additional mechanism to O 2 -initiated oxidation is one in which H 2 O may initiate the oxidation of black phosphorus. Black phosphorus exposed to deoxygenated H 2 O exhibited the presence of phosphorus oxides in XPS measurements, 35, 42, 51 providing strong evidence that oxidation can be initiated by H 2 As with graphene and graphene oxide, the potential to control the composition of the oxide of black phosphorus is a step toward chemical functionalization. Employing this tunable 2D material and its oxide requires: (1) exposing the material to high-purity oxidants, (2) spatially resolving the location and composition of the oxide, and (3) elucidating the mechanism of oxidation, ultimately providing control of the oxide formation by choice of oxidant. This work characterizes 2D black phosphorus thin films and individual flakes through photoemission spectroscopy and TEM after exposure to (i) O 2 , (ii) H 2 O, (iii) mixtures of H 2 O and O 2 , and (iv) N 2 environments. We demonstrate an improved understanding of the resulting oxide composition through deconvolution of XPS spectra and visualization of the oxide location through time-lapsed TEM images. In addition, we find evidence for site-selective oxidation of 2D black phosphorus at defect (e.g., edge states) or nondefect (e.g., basal surface) sites by choice of oxidant and provide a possible mechanism for the oxidation of phosphorene by H 2 O.
EXPERIMENTAL SECTION
2.1. Material Preparation. Bulk black phosphorus crystals were synthesized by a Sn and SnI 4 vapor transport method. 10, 52 Under an inert atmosphere (O 2 < 1 ppm, H 2 O < 0.1 ppm), we then prepared 2D black phosphorus (Figures 1a and b) by liquid exfoliation of bulk crystals in anhydrous N-methyl-2-pyrrolidone (NMP). Centrifugation of the resulting suspension yielded flakes ranging from 1 to 7 layers with a median of bilayers (Figures 1c and d) . 10 The diffraction pattern (Figure 1b ) of the thinnest region of the flake (Figure 1a ) is consistent with a monolayer of black phosphorus. 54 Under an inert atmosphere, we redispersed the 2D material in isopropanol and deposited flakes onto lacey carbon TEM grids by drop casting (Figure 1a) . We prepared thin films of 2D black phosphorus on hydrophilic gold-plated silicon wafers using the doctor blade technique under an inert atmosphere ( Figure S1 ). 53 A scanning electron microscope (SEM) image of the topology of the 2D black phosphorus film is shown in Figure 1e .
2.2. Oxidant Exposure. The 2D black phosphorus thin film assemblies and individual flakes were exposed ( Figure S1) 2 for at least 30 min; carrier gases of (ii) N 2 or (iii) O 2 were used to flow water vapor over the sample. The thin films (containing <0.01 micromoles of P) and individual flakes on TEM grids were exposed to oxidant gas flow for 5 min and sealed with 5 mmol of oxidant species, a significant excess of oxidant compared to the phosphorus. In each of these exposures, the oxidants equilibrated to room temperature upon reaching the sample. Then, each sample was illuminated by a 460 nm LED with an intensity of 0.6 mW/cm 2 at room temperature (∼25°C). After 1, 6, or 18 h, the sample was removed from illumination, placed under vacuum, and stored under an inert atmosphere. 2.3. Characterization. Samples were maintained under an inert atmosphere during transport and loading procedures, unless otherwise stated. Resulting oxides of the thin films were characterized by XPS using a Kratos Axis Ultra Delay-Line Detector (DLD) spectrometer with monochromatic Al Kα source. Individual flakes were imaged using a low-resolution JEOL 100CX II TEM at an accelerating voltage of 80 kV. Thin films were imaged using a Hitachi S-4700 cold cathode field emission SEM at an accelerating voltage of 2 kV. The presence of electronegative groups such as oxygen or hydroxide on the surface withdraw charge from black phosphorus, leading to more tightly bound phosphorus electrons. As a result, phosphorus oxide species experience phosphorus 2p core electron binding energies, E B F , higher than that of unoxidized material. Our previous calculations showed that 2D black phosphorus oxides with phosphorus oxidation states of +2, + 3, or +5 have binding energies in the range of 132−136 eV. 47 The photoemitted 2p core electrons of oxidized 2D black phosphorus films ( Figure 2 ) have a broad phosphorus oxide peak from 132 to 136 eV. As exposure time of the 2D film increased, the relative quantity of phosphorus oxides increased, indicated by the growth of the oxide peak relative to the black phosphorus doublet ( Figure 2 ). Additionally, the peak maximum simultaneously shifted to higher binding energies, indicating a change in the composition of phosphorus oxides.
The oxidation of few-layer phosphorene by a single oxidant, O 2 ( Figure 2a samples, respectively. In each of these cases, the first exposure to a single oxidant lasted 5 min and was performed in dark conditions, evacuated for 45 min, resealed under N 2 , and then exposed to the other oxidant and illuminated for 1 h (see the Supporting Information for more details). Each series-exposed sample formed more oxide than the respective single oxidant sample (Table S1 ). This suggests that trace quantities of residual O 2 , H 2 O, or reaction byproducts accelerate or catalyze oxidation. Because the residual content of H 2 O or O 2 was far less than the amount of oxidized material, we conclude that the reaction byproducts rather than the initial oxidants are primarily responsible for the increased rate of oxidation. This observation is consistent with a mechanism in which the oxide makes the material far more susceptible to oxidation, possibly by a catalytic process. This observation also highlights the difficulty of designing a self-passivating oxide on phosphorene.
3.2. Time-Lapsed TEM. To understand where oxidation was occurring, we conducted a time-lapsed TEM study of individual flakes to visualize physical modifications after exposure to O 2 (99.999%), H 2 O/N 2 (99.998%), or ambient conditions. To verify that observed changes were not attributed solely to knock-on damage from the TEM, we imaged a new flake at each time interval in addition to imaging all previously viewed flakes. A representative unoxidized 2D black phosphorus flake is shown in Figure 3a . The same flake was then exposed to high-purity O 2 (99.999%) for 1, 6, and 18 cumulative hours, shown in Figures 3b−d, respectively. Small changes in diffraction contrast are apparent in these images, which are a consequence of small changes in the tilt of the sample with respect to the electron beam. No other changes such as etching, bubble formation, or any other large changes in contrast in O 2 -exposed flakes were observed. The absence of these changes as the phosphorus oxide formed (Figure 2a) indicates that the oxide layer must be relatively uniform across the basal (i.e., van der Waals) surface of phosphorene because an inhomogeneous oxide would give rise to considerable mass contrast in our thin 2D phosphorus samples. Thus, we find that exposure to high purity oxygen produces a relatively uniform oxide on the van der Waals surface and could also lead to novel materials such as a 2D phosphorene oxide.
For flakes exposed to H 2 O/N 2 (99.998%), pitting on the thicker side of steps was observed, as shown in Figure 3e . In Section 3.5, we examine the mechanism of this observed oxidation. As exposure to H 2 O continued, etching at edges and steps was also observed, demonstrated for a step in Figure 3f (unoxidized) and Figure 3g (18 h in H 2 O/N 2 ). These observations imply that photoexcited 2D black phosphorus can be oxidized by H 2 O, validating previous experimental observations. 32, 35, 51 Our TEM images suggest a mechanism in which water preferentially oxidizes defect sites, especially those at edges and steps.
Samples exposed to ambient conditions (Figure 3h ) showed the same pitting at steps as observed in H 2 O/N 2 environments. We found 94% of flakes exposed to ambient conditions demonstrated pitting for exposure times spanning 1−100 h with a confidence interval of 90−100% (Table 1) . For longer exposure times, pit diameters increased in width, especially in thicker regions of the material (see Figure 3h) . We refer to this mechanism of oxidation as surface pitting, and it was observed in 75% of flakes imaged at consecutive time intervals. Furthermore, loss of material at edges was observed in 62% of flakes consecutively imaged after ambient exposure. For longer exposures, the combination of pitting at steps, loss of edges, and surface pitting can ultimately result in loss of an entire layer of a 2D flake. Table 1 summarizes these results. Our experiments demonstrate that the mechanism of oxidation of 2D black phosphorus depends on the oxidant; high-purity O 2 leads to an oxide layer on the basal surface of 2D phosphorus, while H 2 O causes physical degradation of the material through pitting on the thicker sides of steps and material loss at edges. Recently, s-SNOM was used to characterize the degradation mechanism of mechanically exfoliated bulk black phosphorus and 1 nm Al 2 O 3 -encapsulated 2D black phosphorus in air; oxidation began at edges, steps, and surface defects, 40 suggesting a similar mechanism of degradation for ambient-exposed liquid and mechanically exfoliated samples.
3.3. Binding Energy Shift, ΔE B F , of Phosphorus Oxides. The ability to characterize the basal surface and edge oxides resulting from high-purity O 2 or H 2 O oxidation would provide information about the surface chemistry of 2D black phosphorus. Previous work simulated the XPS binding energy for basal surface and molecular oxides in the +2, + 3, and +5 oxidation states. 47 With our new evidence for oxidation at the edge of flakes and the possibility of forming phosphorus in a +1 oxidation state, more simulations are needed to comprehensively characterize the phosphorus oxides from XPS spectra.
A convenient way to calculate the core-level binding energy ΔE B F between inequivalent sites in the sample involves a thermodynamic Born−Haber cycle, which subdivides the transition from the initial ground state to the fully screened final state of the solid system into steps involving either groundstate processes such as desorption or adsorption of specific atoms from the solid, or photoexcitation and de-excitation processes in isolated atoms (Figure 4) . A core assumption is the "equivalent cores" or "Z+1" approximation, 58 which considers (for the duration of the photoemission process) a phosphorus atom with a missing core electron to be equivalent to a sulfur atom with an extra proton (Z+1) in the nucleus and a missing valence electron. In the fully screened final state, the valenceionized sulfur atom turns neutral by acquiring an additional valence electron. Thus, the photoemission and screening segments of the Born−Haber cycle involve isolated atoms only and drop out in the difference of core-level binding energies (Figure 4b ). The Born−Haber cycle is depicted in Figure 4a , and details of the Born−Haber cycle as applied to oxidizing phosphorene are provided in ref 47 .
The usefulness of this approach has been demonstrated previously. 47,59−61 In the present case, calculation of a particular phosphorus core-level binding-energy shift ΔE B F at a specific site involves the total-energy calculation of an unoxidized or oxidized phosphorene monolayer and of the corresponding system, where the phosphorus atom of interest has been substituted by a sulfur atom (Figure 4) . 47 Precise differences between these total energies can be obtained using ab initio density functional theory (DFT) calculations that consider valence electrons only.
The total energy calculations of structures, which are needed to determine specific core-level binding-energy shifts ΔE B F ,
were performed using DFT with a plane-wave basis, similar to our previous study. 47 We used projector augmented wave (PAW) pseudopotentials 62 as implemented in the VASP code. 63 Electronic exchange and correlation were described by the Perdew−Burke−Ernzerhof (PBE) 64 functional with a 500 eV cutoff energy. A k-mesh of 9 × 9 × 1 k-points and 5 × 5 × 1 k-points were used for a black phosphorus unit cell and 2 × 3 supercell, respectively. Through self-consistent iterations, a total convergence of better than 1 meV/atom was achieved. For each phosphorus oxide species simulated, we first relaxed the structure and optimized the geometry. Additionally, we performed Bader population analysis, 65 calculating the net O ) phosphorene to be calculated. For unoxidized material, the energy of cohesion (E P−P ) of the phosphorus atom is calculated. Then, a core-electron is photoexcited to the vacuum level (E P* vac ). The core-ionized phosphorus atom (P*) is approximated to be an equivalent valence-ionized sulfur atom (S + ). As the sulfur ion recombines, the energy released is the calculated ionization energy (E S vac ). Finally, the sulfur is returned to the original phosphorus atom's site, releasing the energy of cohesion (E S−P ). The difference between the initial and final states is equivalent to the core-electron binding energy of a phosphorus atom in unoxidized phosphorene (E B F P ). Two additional steps are added to the start and end of the cycle for an oxidized phosphorus atom: the energy required to desorb the oxide species from the phosphorus atom (E O−P ) and the energy released when the oxide species adsorbs to the sulfur atom (E O−S ). The difference between the initial and final states of this cycle is equivalent to the core-electron binding energy of a phosphorus atom in oxidized phosphorene (E B charge of the oxidized phosphorus atom. Unoxidized and related oxidized phosphorene monolayers were represented using the same approach as in the previous study, which surveyed 2D black phosphorus oxides of the basal surface and oxidic fragments with oxidation states of +2, + 3, and +5. 47 Here, we extend the previous DFT survey to comprehensively include lower oxidation states (+1, + 2) as well as oxides that can form at the edges and steps of 2D flakes, such as those shown in Figures 5a−e. In DFT calculations, edge structures that have been passivated by hydroxyl or peroxy acid groups have been represented by a periodic array of ribbons separated by a vacuum region of ≳15 Å.
We observed a correlation between Bader charge and ΔE B F of oxidized phosphorus atoms, as shown in Figure 5f . As the Bader charge of the phosphorus atom increased, the core electron binding energy shift increased, in agreement with previous work. 47 This correlation allowed for the division of oxide species into 5 groups, depicted in Figures 5f and g, based on oxidation state and ΔE B F : (i) +1 with 3 bonds, 0.90−1.16 eV (Figures 5a, c, d ), (ii) +2 with 5 bonds, 1.40 eV (Figure 5b ), (iii) +3 with 5 bonds, 1.98−3.10 eV (Figures 5c and e) , (iv) +3 with 3 bonds, 3.48−4.01 eV, and (v) +5 with 5 bonds, 4.73− 5.97 eV. Within the same group, we found that edge oxides have binding energy shifts similar to those of basal surface oxides. For example, the basal oxide shown in Figure 5a has a binding energy shift similar to that of the edge oxide shown in Figure 5d . Thus, XPS cannot distinguish between edge and basal surface oxides.
3.4. Deconvolution of XPS Spectra. Using the calculated ΔE B F for each oxide, we deconvoluted the experimental spectra from Figure 2 using the same method employed in previous literature. 47 To do this, we fit the unoxidized 2D black phosphorus 2p peaks at 130.1 and 131.0 eV and identified the fwhm. We iteratively fit peaks for each oxide group until the cumulative fit converged with a chi-squared tolerance of 10 −12 . The deconvolution of the 18 h H 2 O/O 2 exposure is shown as an example in Figure 5g . In all of our spectra, we did not observe a binding energy shift corresponding to group v small molecules such as H 3 PO 4 . These molecules have a larger binding energy shift than other group v oxides. We suspect that these small molecules were produced but, most likely, these 1, 6 , and18 h. The series-exposed samples are also shown, indicated by the 1* hr. As noted in panel i, group i is purple, group ii is blue, group iii is gray, group iv is green, and group v is orange. The 6 h exposures for H 2 O/O 2 oxidants were contaminated and are therefore not shown.
small molecules were removed in the high vacuum conditions (10 −9 Torr) of the XPS instrument. We calculated the relative abundance of each group of oxide species. Histograms depicting the percent of each oxide group after exposure to oxidants O 2 , H 2 O/N 2 , or H 2 O/O 2 are depicted in Figures 5h−j, respectively. As exposure time increased, the relative amount of species with low oxidation states decreased, while higher oxidation states increased. Moreover, the series-exposed samples such as the sample oxidized by H 2 O/N 2 for 5 min and then O 2 for 1 h represented by the 1* hr in Figure 5h show more highly oxidized species than exposure to a single-oxidant such as oxidation by O 2 for 6 h in Figure 5h . These findings are consistent with an oxidation that is catalyzed by the presence of reaction byproducts.
3.5. Mechanism of Oxidation by O 2 or H 2 O. To understand the mechanisms of basal surface oxidation by O 2 and defect-mediated oxidation by H 2 O, we compared the band structure of 2D black phosphorus (Figure 6a ) 10, 26, 66, 67 and the reduction potentials of likely redox couples (Table 2, Figure  6a ). 68−75 As shown in Figure 6a , the band gap of the 2D black phosphorus decreases with increasing thickness. 26, 66, 67 We consider only one-electron transfer from the conduction band and one-hole transfer from the valence band because the illumination intensities in our experiments produce fewer than one photoexcited electron/hole per phosphorene flake at steady state on average. Prior work suggested that a photoexcited electron can be transferred from the conduction band of black phosphorus to O 2 , producing the superoxide radical O 2 ·− , as demonstrated in eq 1.
On the basis of the reduction potential for forming superoxide ( Figure 6a , Table 2 for neutral and acidic pHs), the proposed one-electron transfer from the conduction band of black phosphorus to oxygen is plausible. The superoxide then reacts with oxidized phosphorene, producing a phosphorus oxide (Figure 6b ). This model is consistent with XPS observations (Figure 2a ) which showed the formation of phosphorus oxides across the basal surface of phosphorene, as inferred from TEM images (Figures 3a−d) . To understand how H 2 O oxidizes 2D black phosphorus, we considered the possibility of a photoexcited hole transfer from the 2D material to H 2 O, such as that in eq 2.
(2) An important observation about the mechanism of waterphosphorene reactions is that the reactions occur at steps, edges, and grain boundaries (Figures 3e and g ). At these defect sites, atoms are likely to have relatively unstable bonding configurations such as a phosphorus atom with an oxidation state of +2 (Figure 5b) . Therefore, at these defect sites, a direct chemical reaction with H 2 O must be thermodynamically favored. The observation that pitting occurs at a step ( Figure  3e ) or edge (Figure 3g ) is consistent with the need for a defect state to initiate oxidation. Furthermore, due to the relative positions of the reduced band gap with increasing thickness, photoexcited electron−hole pairs preferentially move to thicker regions of the flake. Therefore, it can be inferred that oxidation occurs at a higher rate on the thicker side of the flake. The observed pitting of thicker regions at defect sites of steps is consistent with this proposed mechanism and supports firstprinciples calculations that H 2 O cannot lead to the oxidation of pristine, defect-free material on the basal surface. 50 Our experimental observations suggest that the reaction with H 2 O at a defect site does not result in a self-passivating barrier to further reaction; the continued etching of phosphorene flakes over time indicates that the oxide that forms at defects is relatively unstable. Additionally, it is important to highlight that oxidation by H 2 O at defect sites supports our observations of accelerated oxidation in samples exposed to both oxygen and water. When the pristine basal surface of the material reacts with O 2 , numerous defect sites are created. The increased concentration of defect sites leads to a faster reaction with water. This experimental observation validates first-principle studies of the susceptibility of the basal oxide to further hydrolysis. 50 These insights provide a pathway to oxidize the basal surface with O 2 or the defect sites with H 2 O. This may lead to improved control over the properties of phosphorene as well as new routes to stabilize the material against oxidation. We emphasize that these insights were made possible only through the use of high purity O 2 and H 2 O.
CONCLUSION
In this work, we studied the oxidation of thin films and individual flakes of 2D black phosphorus exposed to high-purity O 2 , H 2 O, and their mixtures. We found that both H 2 O and O 2 can oxidize the 2D material. For high-purity, dry O 2 environments, XPS showed that the material oxidizes, but we did not observe any changes in the shape or integrity of 2D flakes in TEM images. We observed primarily the presence of low oxidation state species (+1, +2) in short-term exposures to O 2 . By investigating the band structure of black phosphorus and the reduction potentials of O 2 /O 2 · , we easily saw that black phosphorus can be oxidized by O 2 . This supports a model in which high-purity O 2 environments lead to oxidation of the van der Waals surface of 2D black phosphorus.
In contrast, oxidation of 2D black phosphorus by H 2 O physically degraded the material. Initially, the material exhibited pitting at steps on the thicker side of the flake, which then migrated farther into the thicker region of the flake as exposure to H 2 O continued, ultimately resulting in surface pitting. Additionally, edges of the material were corroded during oxidation by H 2 O. With continued oxidation, these degradation processes resulted in the loss of layers. The band structure of black phosphorus and the reduction potential of OH · , H + /H 2 O provides more insight into the mechanism of oxidation. It is thermodynamically unfavorable for black phosphorus to be oxidized by H 2 O. With evidence of oxidation in XPS and TEM, this supports a model in which H 2 O reacts preferentially with defect sites such as those at steps and edges.
Finally, we found that 2D black phosphorus degrades most rapidly in the environments containing both H 2 O and O 2 , exhibiting a greater abundance of phosphorus in higher oxidation states (+3, +5). From our series-exposed samples, we determined that residual quantities of oxide byproducts accelerate or catalyze the oxidation of the material. Furthermore, the physical degradation of the material after exposure to ambient conditions was the same as that in H 2 Oonly environments. We conclude that H 2 O or reaction byproducts from H 2 O oxidation catalyze oxidation by O 2 .
The use of high purity O 2 or H 2 O provides control of the phosphorus oxide composition and site selectivity for oxide formation. This knowledge is a step forward in surface reaction chemistries of 2D black phosphorus. Controlled oxidation of 2D black phosphorus opens pathways to selectively oxidize basal surface and edge sites of the material, opening pathways for site-selective surface functionalization. Additionally, this work may provide an avenue to synthesize 2D phosphorene oxide, but more work is needed to understand if the oxide is self-limited.
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